Some of the important issues of block copolymer (BCP) as an application to the potential low cost next generation lithography are thermal stability and deformation during pattern transfer process in addition to defect density, line edge/width roughness, etc. In this study, sulfur containing plasma treatment was used to modify the BCP and the effects of the plasma on the properties of plasma treated BCP were investigated. The polystyrene hole pattern obtained from polystyrene polystyreneblock-poly(methyl methacrylate) (PS-b-PMMA) was initially degraded when the polystyrene hole was annealed at 190 C for 15 min. However, when the hole pattern was treated using sulfur containing plasmas using H 2 S or SF 6 up to 2 min, possibly due to the sulfurization of the polystyrene hole surface, no change in the hole pattern was observed after the annealing even though there is a slight change in hole shapes during the plasma treatment. The optimized plasma treated polystyrene pattern showed the superior characteristics as the mask layer by showing better thermal stability, higher chemical inertness, and higher etch selectivity during plasma etching.
INTRODUCTION
As the pattern geometry continues to shrink in the microelectronic industry, traditional photolithography technology shows the limitation for sub-nano patterning. [1] [2] [3] [4] An alternative approach is the block coplolymer (BCP) lithography which uses direct self-assembling of polymer patterns. Recently, it has attracted significant attention because of the characteristics of uniformly aligned nanoscale feature arrays that can be obtained easily at low cost and with a high throughput. [1] [2] [3] [4] [5] [6] [7] [8] Nevertheless, there are still many issues coming from the material characteristics of BCP that must be resolved to achieve the goal as the next generation nanoscale lithography.
Generally, a BCP consists of two or more covalently bonded polymeric monomer or block units, which is chemically different and attached to each other. Due to their * Authors to whom correspondence should be addressed.
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differences in the chemistry, the blocks tend to separate like oil and water; but due to their covalent linkage, the phase separation occurs over the length scales determined by the length of the BCP molecules which ranges from a few nanometers to tens of nanometer. BCP is phase separated into various features such as cylindrical, lamellar, and gyroid morphologies by the volume fraction of the constituent blocks. [3] [4] [5] [6] Because this phase separation process depends on various parameters such as temperature, humidity etc., the fabricated patterns could be incomplete, and results in non-uniformity between patterns. By far, the most common BCP that researchers have investigated as the BCP lithography is polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA). The PMMA domains can be selectively removed, and the remaining polystyrene material serves as the mask for pattern transfer. Especially, the soft mask material (polystyrene) remained from the phase separation tends to show drawbacks for highly selective pattern transfer due to the relatively lower thermal stability and low etch selectivity. 5 To improve the selectivity during the pattern transfer, cryogenic methods using an extremely low temperature during the pattern transfer have been investigated. 1 5 6 9-11 These methods showed relatively high selective etching over the BCP mask, however, controlling the cryogenic process temperature during the pattern transfer process is not an easy task. Another approach for highly selective pattern transfer could be achieved through sulfonation of the soft mask which forms SO 3 H functional group. The researches on the sulfonated polystyrene ball have been reported a long time ago and have shown the characteristics of the increased mechanical strength, decreased swelling, high thermal stability etc. [12] [13] [14] The current representative surface sulfurization methods can be divided into wet method and gaseous method. In the case of wet sulfonation, Turbak et al. 15 have been investigated but this method showed the limitation such as difficulty in controlling sulfonation amount and repeatability. For the dry sulfonation, Kucera et al. 12 13 showed the possibility of sulfonation of polystyrene ball using gaseous SO 3 . However, this method also showed drawbacks such as long time of a few days required for sulfonation and difficulty in controlling the degree of sulfonation. In addition, the above methods can not be applicable to the polystyrene for nanoscale BCP lithography due to the long sulfonation time and possible dimensional change of nanosize polystyrene features during the sulfonation.
In this study, a sulfur containing plasma treatment method has been investigated for sulfurization of nanoscale polystryrene features instead of sulfonation to investigate the possibility of transferring the polystyrene patterns better through thermal processing, plasma processing, etc. by improving thermal and chemical stability. For the plasma treatment, sulfur-containing plasmas using H 2 S or SF 6 were used, and the change of cylindrical hole pattern size was measured after a following thermal processing. The optimized plasma treatment showed better thermal stability, well-tailored hole pattern distribution, and improved etch selectivity.
EXPERIMENTAL DETAILS
As the BCP pattern sample, a polystyrene hole pattern composed of 40 nm diameter holes was used. To form the 40 nm diameter polystyrene hole pattern, 140 kg/mol polystyrene and 65 kg/mol PMMA were dissolved in a toluene and the solution was spin-coated on the silicon wafer. After the spin coating, a thermal annealing was conducted at 230 C for 40 h to accomplish 40 nm diameter self-assembled hole morphology of PS-b-PMMA. The PMMA domains in the BCP film were selectively removed by O 2 plasma reactive ion etching (RIE). The resultant nano-sized polystyrene hole pattern was applied as a lithographic mask for pattern transfer. The details on the fabrication of the BCP hole pattern can be found elsewhere. [16] [17] [18] Both the sufurization process and the pattern transfer process were conducted with an inductively coupled plasma (ICP) system equipped with a substrate biasing system (shown in Fig. 1 ). The silicon wafer with the polystyrene hole pattern was inserted in the processing chamber using a loadlock system without breaking the vacuum while the substrate was cooled at about 10 C with a chiller. For the sulfurization process, the plasma treatment was performed at 13.56 MHz 50 W of ICP source power, at 8 mTorr of operating pressure, and with 76 sccm of H 2 S or SF 6 flow rate. After the sulfurization, the stability of the polystytene hole pattern was estimated by thermal annealing at 190 C for 15 min in a vacuum furnace. For the pattern transfer process, the Cl 2 plasma was formed by applying 13.56 MHz 50 W of the ICP source power at 8 mTorr of operating pressure and with 45 sccm of Cl 2 flow rate. For the pattern transfer, −150 V of DC bias voltage was applied to the substrate by supplying an additional 13.56 MHz rf power to the substrate.
Field emission secondary electron microscope (FE-EM, Hitachi S-4700) was used to estimate the change of the polystyrene hole pattern before and after the processing and X-ray photon spectroscopy (XPS; ESCA2000, VG Microtech Inc.,) was used to analyze the surface binding state of the sulfurized polystyrene surface after plasma treatment. The etched height after pattern transfer was measured with a stylus profilometer (Tencor Alpha-step 500).
RESULTS AND DISCUSSION
To evaluate the thermal stability of the 40 nm diameter polystyrene hole pattern, the fabricated polystyrene hole pattern was thermally annealed and the degradation of the hole pattern was observed using SEM. Figure 2 shows the SEM images of (a) the reference pattern (40 nm diameter polystyrene hole pattern) and the polystyrene hole patterns after the annealing at 190 C in a vacuum furnace for (b) 5 min and (c) 15 min. As shown in Figure 2 (b), after the annealing for 5 min, some of polystryrene holes were collapsed and the rest of the holes showed the decrease in hole diameter. After the annealing for 15 min, as shown in Figure 2 (c), all hole patterns were collapsed and irregular curve patterns were generated. The collapse of the polystytene holes is believed to be related to the reflow of the polystytene surface molecules during the annealing to decrease the surface energy. From these results, it can be found out that the nano-size polystyrene hole pattern applied as the mask for the next generation BCP lithography has a very low thermal stability, therefore, it can show various problems during the following pattern transfer processing such as plasma processing.
To prevent the polystyrene pattern deformation and collapse during the following pattern transfer processing, the polystyrene hole pattern was exposed to a sulfur containing plasma for two minutes generated with 50 W of rf power while flowing 76 sccm of H 2 S or SF 6 at 8 mTorr and was followed by annealing at 190 C for 15 min. The left pictures of Figures 3(a)-(c) show the SEM images of polystyrene hole patterns before the plasma treatment (same as Fig. 2(a) ), after the H 2 S plasma treatment, and after the SF 6 plasma treatment, respectively. As shown in the left picture of Figure 3(a) , the reference polystyrene hole pattern showed the hole size of 35∼39 nm before the plasma treatment. The irregular polystyrene hole distribution is believed to be related to the imperfect phase separation between polystyrene and PMMA during the self-assembly process. As shown in Figure 3(b) , after the H 2 S plasma treatment, the hole size was slightly deformed and the size was decreased to 21∼31 nm possibly due to the hydrogen in the H 2 S which changes the surface morphology of polystyrene. However, when the polystyrene hole pattern was treated with the SF 6 plasma, the hole size was increased slightly to 39∼40 nm by the etching of polystyrene surface with fluorine radicals, and the thickness of hole pattern was also decreased from 60 nm to 53 nm after the SF 6 plasma treatment (not shown).
The right pictures of Figures 3(a) -(c) show the SEM images of polystyrene hole patterns after the annealing of the reference pattern, the H 2 S plasma treated pattern, and the SF 6 plasma treated pattern on the left side at 190 C for 15 min, respectively. As shown in the right pictures of Figure 3(b) , after the annealing, even though the reference polystyrene hole patterns were collapsed completely as shown in the right picture of Figure 3 (a) (the same picture as Fig. 2(c) ), only a slight change in the hole size was observed for the H 2 S plasma treated pattern. However, in the case of the SF 6 plasma treated pattern, as shown in Figure 3 (c), no change in the hole size was observed after the annealing.
During the annealing, not only the hole size but also the thickness of the polystyrene hole pattern can be changed. Figure 4 shows the reduction percentage of polystyrene hole size and thickness after the annealing at 190 C for 15 min for the reference, the H 2 S plasma treated pattern, and the SF 6 plasma treated pattern. In the case of the reference polystyrene hole pattern, not only the hole pattern was completely collapsed as shown in Figures 2  and 3(a) , but also the mask thickness was significantly decreased by 60% (from 60 to 25 nm). On the contrary, in the case of the H 2 S plasma treated polystyrene pattern, even though the hole size was decreased by about 25%, and the mask thickness was not changed after the annealing. In the case of the SF 6 plasma treated polystyrene pattern, both the hole size and the hole thickness were not changed after the annealing even though the hole size was slightly increased (from 35∼39 to 39∼40 nm) and the hole thickness was slightly decreased (60 to 53 nm) during the plasma treatment. Therefore, the polystyrene hole pattern exhibited significantly better thermal property after the sulfur containing plasma treatments. Especially, compared to the H 2 S plasma treatment, after the SF 6 better thermal stability of polystyrene hole pattern could be obtained. For the optimization of the sulfurization process for the polystyrene hole pattern using the SF 6 plasma, the hole size and thickness of the polystyrene pattern treated by the SF 6 plasma were measured as a function of the plasma treatment time after annealed at 190 C for 15 min and the results are shown in Figure 5 with SEM images of the patterns after the annealing. Other plasma treatment conditions were the same as those in Figure 3(c) . As shown in the figure, initially with the increase of SF 6 plasma treatment time, the hole size was increased and the hole thickness was decreased by the etching of the hole surface in addition to sulfurization. However, when the SF 6 plasma treatment time was longer than 2 min, the change in the hole size and hole thickness was saturated indicating sufficient sulfurization without etching of the polystyrene surface. In addition, as shown in SEM images, the crack patterns between the polystyrene holes appeared to be decreased by the SF 6 plasma treatment until the pattern was treated to 2∼2.5 min. However, when the pattern was treated for 3 min, the pattern deformation was observed possibly due to the damage by the SF 6 plasma.
The chemical binding states of the polystyrene hole pattern surface after the SF 6 improved property of the SF 6 plasma treated polystyrene surface. The XPS narrow scan data of S 2p on the SF 6 plasma treated polystyrene surface is shown in Figure 6 .
As shown in Figure 6 , before the SF 6 plasma treatment, no peak related to S was observed. However, after the plasma treatment, the broad chemical bonding peaks (164 eV∼169.2 eV) possibly related to S such as SO x , SF x , etc. were observed. Also, with increasing the plasma treatment time from 30 sec to 2 min, the peak intensities related to S were increased. Therefore, it is believed that the improvement of the polystyrene property after the SF 6 plasma treatment is related to the sulfurization of the polystyrene surface by forming sulfur compounds on the surface during the SF 6 plasma treatment. (other experiment showed that F does not directly affect the improvement of polystyrene properties). . XPS narrow scan data of S 2p on the SF 6 plasma treated polystyrene surface measured as a function of SF 6 plasma treatment time.
As mentioned above, the device performance obtained by the BCP lithography depends on the quality of pattern transfer through the following processing such as plasma processing. Therefore, in addition to the thermal annealing test, the chemical stability of the polystyrene hole pattern before and after the SF 6 plasma treatment was investigated by etching the silicon using the 40 mm diameter polystyrene hole patterns as the etch mask. For the etching experiment, a chlorine plasma was generated by applying 50 W of rf power to the ICP source and by applying −150 V of DC bias voltage to the substrate. The operating pressure was maintained at 8 mTorr by flowing 45 sccm of Cl 2 gas. The substrate temperature was kept at room temperature. Figure 7 shows the etch selectivities of silicon over 40 nm diameter polystyrene hole patterns treated and untreated by the SF 6 plasma for 2 min before the 6 plasma, the polystyrene mask was maintained without degradation during chlorine plasma etching. Also, the etch selectivity was dramatically increased to 34 by decreasing the polystyrene mask etching significantly. Therefore, by the SF 6 plasma treatment, not only the thermal strength but also chemical inertness was improved, and which are some of the required properties of mask materials for the next generation BCP lithography.
CONCLUSION
The effect of sulfur-containing plasma treatment on the properties of 40 nm diameter polystyrene hole pattern obtained by PS-b-PMMA block copolymer was investigated. For the polystyrene hole pattern, the pattern was easily degraded and collapsed during the thermal annealing at 190 C and during the plasma etching using chlorine at room temperature. However, when the polystyrene hole pattern was treated by a SF 6 plasma, the pattern was not changed noticeably during the thermal annealing. In addition, the pattern was not degraded and showed significantly lower etch rates during the chlorine reactive ion etching. The improved properties by the SF 6 plasma treatment were related to sufurization not fluorination of the polystyrene surface, because a H 2 S plasma treatment instead of the SF 6 plasma treatment showed similar effects even though the pattern was slightly degraded during the plasma treatment. Therefore, through the sulfur containing plasma treatment, not only the thermal strength but also chemical inertness which is required for the next generation BCP lithography could be achieved.
